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The Rehabilitation of Terminal 2-A Case History 
D.J. Hardin S.V. Mills 
Principal, Geotechnical Resources, Inc., Portland, Oregon Project Engineer, L.R. Squier Associates, Portland, Oregon 
M.L. Byington 
Manager of Construction, Port of Portland, Oregon 
SYNOPSIS 
The Port of Portland, Oregon recently completed the rehabilitation of the downstream portion of 
Terminal 2. The project included the placement of more than l million cy of dredged hydraulic sand 
fill and the construction of a 1,400-ft-long pile-supported wharf. Up to 60 ft of sand fill was 
placed over soft, submerged sediments. The silt along the toe of the slope was removed prior to 
placing the fill. No shear failures or mudwaves were detected during filling. The fill induced 
settlements of up to 63 in., which agreed well with the predicted maximum settlement of about 60 in. 
Underwater sand fill slopes were placed at about 2.5H:lV and subsequently trimmed to 2.25H:lV. The 
slope was subsequently densified and steepened to 1.75H:lV with fragmental quarry rock. After slope 
construction, 840 vertical, 24-in. octagonal prestressed concrete piles were driven for the wharf. 
INTRODUCTION 
In 1982, the Port of Portland, Oregon, began 
design studies for the expansion and rehabili-
tation of the downstream portion of Terminal 2. 
The project team consisted of the Port; the 
wharf consultant, Swan Wooster Engineering, 
Inc. of Portland; the geotechnical consultant, 
the Portland office of Dames & Moore; and the 
dredging consultant, Ogden Beeman and Associ-
·ates of Portland. 
The terminal is a general cargo facility 
located along the west bank of the Willamette 
River in the Portland harbor area. The origi-
nal Terminal 2 facility was built in the 1920s 
and consisted of wood construction with wharfs 
supported by timber piles. All of the original 
wood construction was demolished for the latest 
rehabilitation. The upstream portion of the 
terminal was upgraded in the 1960s and consists 
of a pile-supported concrete wharf constructed 
on the riverward side of a sheet-pile bulkhead. 
The major elements of the recent modernization 
included a new 1,400-ft-long wharf structure, 
the in-water filling of existing slips with 
over 1 million cy of fill to create about 20 
acres of new terminal area, building 
construction, and new cargo handling equipment. 
The final grade of most of the wharf and filled 
area is elevation +26 ft. The downstream 
portion of the new wharf is for roll-on roll-
off (RO/RO) use with the top of the wharf at 
elevation +20 ft. The new wharf structure 
extends the existing concrete wharf structure 
downstream 1,100 ft. The design dredge line 




The mudline elevation in the fill areas varied 
from about -30 to -38 ft in the upstream slip, 
-10 to -25 ft in the downstream slip, and -30 
to -35 ft along the face of the proposed wharf. 
The existing wharf is of reinforced concrete 
and is supported by 20-in.-square, prestressed-
concrete piles. A sheet-pile bulkhead is 
located behind the wharf. 
SUBSURFACE CONDITIONS 
The subsurface investigation included 22 bor-
ings and two cone penetration test probes to 
expl.ore subsurface conditions in the fill and 
wharf areas; 21 borings were made to evaluate 
potential dredge sand borrow sources in nearby 
reaches of the Willamette River. The subsur-
face conditions at the terminal can be charac-
terized as shown on Figure 1. 
In general, a layer of soft, gray silt with an 
average thickness of about 15 ft occurs at the 
mudline; the silt is underlain by loose to 
medium dense sand which extends to an underly-
ing stratum of sandy gravel at about elevation 
-85 ft. A review of past dredging records 
indicated that most of the proposed fill areas 
had been dredged to about elevation -35 to -40 
ft. As a result, the soft silty soils occur-
ring above these elevations were relatively 
recent sediments. The sand formation consists 
of generally medium dense, gray, fine- to 
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medium-qrained sand with a trace of silt. The 
top of the underlying gravel occurs between 
elevation -75 to -95 ft. The gravel consists 
of relatively well-graded, rounded to 
subrounded gravel in a matrix of sand with a 
trace of silt. The borings revealed that the 
gravel was generally medium dense to dense and 
is not cemented. 
The borings within the proposed dredge borrow 
areas generally encountered a layer of silt or 
silty sand at the mudline which was underlain 
by clean, gray, fine- to medium-grained sand. 
The mudline at the boring locations generally 
ranged from about elevation -40 to -60 ft. 
Based on a review of past dredging near the 
project, and the results of the subsurface ex-
plorations, two potential areas near the site 
were identified as sand borrow sources. The 
gradation of the borrow-area sand is summarized 
on Fiqure 2. 
SOIL PROPERTIES 
Based on an extensive laboratory testing pro-
gram and a detailed review of geotechnical data 
obtained from nearby sites in the Portland har-
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bor area, the following soil properties were 
used in the geotechnical studies. 
Shear Strength 
Angle of internal friction (~) 
New sand fill (SP) above water 
New sand fill (SP) below water 
In situ sand (SP) 
In situ silty sand (SM) 
Undrained shear strength of soft, 
silty mudline soils (ML-MH) 
Angle of internal friction (~) 
Consolidation 
Coefficient of compressibility 
of soft silt (ML-MH), Cc 
1+e0 
Coefficient of consolidation 
for soft silt, (ML-MH), ~. 
Coefficient of compressibility, 
silty sand (SM), C0 
l+e0 
Unit Weight 
Soft silt (ML-MH) 
Saturated unit weight 
Submerged unit weight 
Sand (SP) 
Total unit weight of fill 
Saturated unit weight 
Submerged unit weight 
Silty sand (SM) 
Saturated unit weight 














While the geotechnical investigation was in 
progress, the wharf consultant developed pre-
liminary design concepts that fulfilled the 
Port's performance criteria, appeared practical 
to construct, and considered the subsurface 
conditions. The following types of structures 
were selected for further evaluation. 
open pile-supported wharf 
pile-supported wharf with sheet-pile 
bulkhead 
cellular sheet-pile structure 
The open pile-supported wharf with a cast-in-
place concrete deck was selected for the final 
design. The sel.ection of this type of struc-
ture was based on cost comparisons, technical. 
considerations, and scheduli-ng constraints. 
This wharf design used only vertical piles of 
one type and size. The wharf deck was of a 
uniform thickness, with no distinct pile caps. 
These features were adopted to contribute to 
more straightforward construction. 
The cell.ular sheet-pile structure was cost-
competitive; however, the required 
configuration of the cells would have imposed 
critical tolerances for construction. In 
particul.ar, the fender line of the wharf and 
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the new crane rails had to match the existing 
upstream structure. Based on past experience, 
it was agreed by the design team that the 
actual riverward projection of the cells 
following filling could be plus or minus 1 ft 
of the desired line. This uncertainty was 
considered undesirable and imposed constraints 
upon the type of fender system that could be 
used. 
Since the project would involve the placement 
up to 60 ft of sand fill above and below water, 
a detailed study was performed to evaluate the 
liquefaction potential of the fill. The 
studies indicated that unless the fill was in-
stalled to adequate relative densities or had 
sufficient confinement, liquefaction under 
stresses induced by the design earthquake would 
be a potential problem near the slope. The 
results of the studies for the riverward slope 
indicated that a relative density of 60% would 
be necessary to obtain a factor of safety 
slightly more than 1 against liquefaction or 
lateral deformation during the design earth-
quake. For this reason, it was necessary to 
densify the sand fill beneath the wharf struc-
ture. To provide sufficient confinement for 
the surface sand fill materials during densifi-
cation, the design included a 10-ft-thick blan-
ket of coarse granular material over the slope. 
Rounded sandy gravel and cobbles were consid-
ered the most appropriate materials for the 
confinement layer, since it could be easily 
penetrated by vibratory probes that would be 
used for densification. The adopted slope 
configuration based on the geotechnical studies 
is shown on Figure 3. 
A pile-supported wharf with sheet-pile bulkhead 
would be comparable to the existing upstream 
structure. This design was initially consid-
ered the most appropriate for the project. 
However, the Port determined that the wharf 
must accommodate container cranes with 100-ft 
rail spacing. Since the pile-supported wharf 
would be about 74 ft wide, the rear crane rail 
would be ~andward of the sheetpile bulkhead and 
68.8' 
a. 26.0 
require a separate foundation. It was recog-
nized that the foundation would probably inter-
fere with the tie-back system used to restrain 
the bulkhead. 
Based on the project team 1 s selection of the 
open pile-supported wharf as the preferred 
alternative, Dames & Moore proceeded with final 
design studies for site filling and wharf 
support. 
For cost purposes, it was necessary to minimize 
the width of the pile-supported wharf; this, in 
turn, required that the fill slopes be con-
structed as steep as possible. The soft silty 
sediments occurring at the mudline were the 
primary consideration in the construction of 
steep, stable slopes. To provide sufficiently 
steep slopes constructed of hydraulic sand 
fill, it would be necessary to make a toe 
trench excavation to remove the soft silty 
soils at the toe of the slopes. computer-
assisted slope stability studies were performed 
to aid in the development of practical design 
criteria for the slopes along the wharf. The 
studies indicated that stable sand fill slopes 
having an adequate factor of safety could be 
constructed at inclinations of up to 2.5H:lV to 
2.25H:lV, depending on the configuration of the 
toe trench excavation. The slopes could be 
further steepened to 1. 75H: lV by filling over 
the sand slope with well-graded angular rock. 
Based on past experience by Dames & Moore, it 
was considered feasible to place the hydraulic 
sand fill over the very soft silt sediments 
present at the mudline by using carefully con-
trolled construction methods that would mini-
mize or avoid shear failures and formation -of 
mudwaves. Mudwaves could produce pockets of 
compressible silty soils which could result in 
irregular settlement of the fill surface and, 
if formed near the slope, could reduce the 
stability of the fill slopes. It was 
recognized that the placement of the initial 
underwater fill was the most critical aspect of 
uo• 
I 
f---------.!::ZIH~~!F~VIBRA=T!~OR~Y!.-'DENSFICA~~~T~I00!!_ _________ -1, 
Fig. 3 Slope Section 
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the fill plan. The installation of each of the 
initial four lifts was to begin and end at the 
same locations to provide the maximum time 
period for consolidation of the soft silts 
prior to placing the following lift. The 
initial lift would have a nominal thickness of 
3 ft, or less, which would require frequent or 
continuous repositioning of the dredge 
discharge. The subsequent three lifts could 
each be placed at a maximum thickness of 5 ft. 
The remaining fill could be placed in maximum 
10-ft-thick lifts. Fill placed above the river 
level would be placed so that the resulting 
minimum dry density was on the order of 90%, as 
determined by ASTM D 1557. This degree of 
compaction is usually obtained by normal 
hydraulic filling operations. 
Since the borrow sand fill was relatively 
clean, it was anticipated that the underwater 
sand fill could be placed as an open, uncon-
fined fill. It was anticipated that the under-
water slopes could be filled as steep as 
2.5H:lV and would require subsequent trimming 
to the specified slope of 2.25H:lV. 
The preliminary studies indicated that founda-
tion support for the wharf would be provided by 
high-capacity vertical piles driven into the 
underlying gravel strata. A capacity of 225 
tons was recommended for 24-in. octagonal pre-
stressed concrete piles and 24-in.-diameter 
open-end steel pipe piles. The capacities 
pertain to real loads and were based on soil 
support considerations and included an 
estimated factor of safety of at least 2. The 
capacities were estimated by static analytical 
methods and were supplemented by dynamic 
analyses (wave equation studies) and the review 
of pile load tests performed at comparable 
sites and during the previous rehabilitation of 
the upstream portion of Terminal 2. It was 
anticipated that concrete and steel piles would 
penetrate 4 to 8 ft and 10 to 15 ft, 
.respectively, into the gravel strata. 
SETTLEMENT 
During desiqn, studies were conducted to esti-
mate the total settlement and rate of settle-
ment associated with the installation of 
dredged fill over the soft river sediments. 
The results were used to evaluate the effect of 
lonq-term settlement on the construction sched-
ule, and differential settlement on proposed 
facilities within the filled area. The studies 
considered the consolidation of the highly com-
pressible river sediments that occurred at the 
.mudline and had an average thickness of about 
15 ft. Conventional one-dimensional consolida-
tion theory was used in the analysis. The 
stress distribution along the edge of the 
dredged fill area was evaluated using a linear 
elastic analysis. Settlement of the 50-ft-
thick sequence of sand was evaluated using 
elastic analysis. The medium dense to dense, 
sandy gravel that lies below the sand at ap-
proximately elevation -85 ft is considered to 
be essentially incompressible. A conventional 
ramp-loading approximation was used to simulate 
the filling sequence. 
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settlement was dependent on the thickness of 
the underlying compressible soils and the 
thickness and configuration of the dredged 
fills. The analyses predicted that up to 60 
in. of total primary settlement would occur, 
80% of which would occur by the end of filling. 
The studies suggested the potential for signif-
icant post-construction differential settle-
ments across the filled area. The design team 
recommended a 15-ft-thick surcharge fill within 
the building areas to limit post-construction 
differential settlement. The paved areas were 
overfilled to compensate for post-filling 
settlement. 
SETTLEMENT MONITORING PROGRAM 
Considering the relatively large anticipated 
settlements and the potential impact of the 
rate of settlement on the construction sched-
ule, a monitoring program was considered neces-
sary to evaluate settlement progress. Pneu-
matic settlement transducers and pneumatic 
piezometers were selected since they would be 
unobtrusive to the contractor during the fill-
ing operation. The performance requirements 
for the monitoring system were specified in the 
bid documents. The general contractor, Riedel 
International, Inc., retained a subcontractor 
to design and install the system. The system 
consisted of 12 pneumatic settlement sensors, 
five pneumatic pore pressure transducers, and 
two pneumatic readout boxes. The pneumatic 
settlement sensors and pneumatic pore pressure 
transducers were installed at the mudline and 
the ·middle of the compressible silt layer, re-
spectively, prior to fill placement. 
During the monitoring period which extended 
from the beginning of the filling operation, 
over a period of approximately 7 months, a 
total of 10 settlement sensors and four 
piezometers failed. Behavior of the failed 
instruments suggested the tubes had been 
pinched or severed. Many of the failed 
settlement sensors were replaced with surface 
settlement plates after the fill was above the 
river level. 
Information obtained from undamaged instruments 
and the surface settlement plates was used to 
predict the post-filling settlements to deter-
mine the overfill quantities. In addition, 
several instruments survived long enough to 
permit comparison of predicted time-rate and 
magnitude of settlement versus actual field 
performance. In general, the actual time-rate 
of settlement occurred faster than the consoli-
dation test results had indicated. A compari-
son between estimated time-rate of settlement 
curves with actual results from field monitor-
ing, is shown on Figure 4. A maximum settle-
ment of about 60 in. was estimated based on the 
settlement studies1 the actual maximum settle-
ment measured by the monitoring system was 
63 in. 
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SITE FILLING AND SLOPE CONSTRUCTION 
Initially, a 150-ft-wide trench was excavated 
along the toe of the slope to remove the soft 
silt. The toe-trench excavation was made using 
a 26-in. hydraulic suction dredge equipped with 
a cutterhead. The suction dredge generally 
left 12 in. or less of silt in the bottom of 
the toe trench. The final cleaning was made 
with a barge-mounted crane and clamshell. 
The general sand fill and the fill slopes were 
made with the hydraulic suction dredge. The 
dredge ladder was extended to permit dredging 
to depths of about 100 ft, and the cutterhead 
was removed and replaced with jets. The borrow 
sources were near the middle of the river with 
a maximum pumping distance of about 4,500 ft. 
To place the fill, the dredge pipe discharged 
into a vertical 8-ft-diameter pipe that was 
suspended from a barge. The bottom of the pipe 
was usually maintained about 13 ft below the 
water surface and could be raised and lowered 
to control turbidity and optimize fill 
placement. 
Following completion of the toe trench, the 
sand fill slopes were constructed by the in-
stallation of a toe dike along the alignment of 
the toe trench. The toe dike was placed in two 
lifts ultimately to elevation -15 ft. The fill 
material consisted of excellent quality gray 
sand containing significant gravel and few 
fines. Alignment of the discharge barge was 
maintained with on-shore lasers. Bathymetric 
surveys conducted after installation of the toe 
dike indicated average slopes of 2 • 5H: 1 V and 
generally good control of slope lines and 
positions. 
Following installation of the initial toe 
trench fill, the main dredge fill was installed 
within the limits of the toe dike. The general 
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fill was placed over the soft river sediments 
using the discharge barge. The initial two 
lifts were 3 ft thick, the next two were 3 to 5 
ft thick, and the remaining lifts to the water 
surface were 7 to 10 ft thick. During filling, 
the instrumentation was closely monitored and 
bathymetric surveys were made after each lift 
to monitor unusual river bottom bulging which 
would indicate the occurrence of a ·mudwave. 
Bathymetric surveys were also used to monitor 
the quality of the installation procedure and 
check lift thicknesses below the river level. 
In general, the fill placement was satisfactory 
and no mudwaves were detected. 
The above-river filling was conducted by con-
structing a dike along the river slopes to 
contain the dredge fill. Dredge water was 
directed riverward through a temporary spillway 
structure. The dredged fill was placed in 
approximately horizontal lifts by movement of 
the discharge pipe and spreading with a dozer. 
The placement procedures resulted in an in-
place density of the fill placed above the 
river level comparable to 88 to 91% of the 
maximum density determined by ASTM D 1557. 
Following installation of the slopes and the 
general site fill, the sand slopes were trimmed 
to the specified slope of 2. 25H: lV. The con-
tractor used a dozer to trim the slope above 
the river level and a barge-mounted crane oper-
ating a 5 cy clamshell bucket to trim the 
underwater slope. The contractor initially 
attempted to trim the fill slopes using the 
suction dredge; however, control of the cutter 
head was difficult and several gouges and minor 
slope failures occurred during the attempt. 
The contractor completed the remainder of the 
trim excavation using the barge and clamshell 
operation. 
The slope trimming operation was followed by 
the placement of the lO-ft-thick granular con-
fining blanket. The material was barged to the 
site and unloaded with a barge-mounted crane 
operating a clamshell bucket. The sandy gravel 
fill consisted of rounded, well-graded gravel 
and cobbles with a clean sand matrix. Care was 
taken to lower the bucket below the surface of 
the water to minimize fill segregation during 
installation. 
Following installation of the sandy gravel 
blanket, the river slopes were densified using 
a barge-mounted vibratory probe. The probe 
consisted of a 36-in.-diameter open-end pipe 
which was slowly inserted to and withdrawn from 
the bottom of the fill to approximately eleva-
tion -40 to -53 ft while being vibrated with a 
25, 000 ft-lb Toyamenka 6000 vibratory hammer. 
The generalized zone of vibratory densification 
is shown on Figure 3. 
Standard penetration tests (SPTs) were used to 
verify densification 'requirements and to pro-
vide information for selecting the appropriate 
probe spacing. A truck-mounted drill rig oper-
ating from a barge performed the SP'l's in bor-
ings drilled at regular intervals along the 
wharf fill slopes. overdensified slopes were a 
concern because of the potential for difficult 
driving of the wharf piles. Initial tests 
indicated that probing on a 5- by 5-ft grid 
resulted in overdensification. A 7- by 7-ft 
grid pattern was eventually adopted since it 
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generally produced the specified 
throughout the depth of sand fill. 
density 
Following densification, the river slopes were 
steepened to 1. 75H: lV by placement of a wedge 
of s-in. -minus fragmental quarry rock. The 
quarry rock was barged to the site and in-
stalled on the slope from the toe upward by a 
barge-mounted crane a 4 cy skip bucket. 
The sand fill was placed during October through 
December 1985, when the level of the Willamette 
River was in the range of elevation +2 to +5 
ft. During early 1986, high river levels up to 
elevation +18 ft resulted in the deposition of 
3 to 7 ft of silt at the toe of the slope. The 
silt was removed prior to placement of the 
sandy gravel blanket and fragmental rock fill. 
Slope construction was completed after driving 
of the wharf piles by the placement of the 
riprap protection. 
PILE INSTALLATION 
Support for the wharf structure is provided by 
driven, 24-in.-octagonal prestressed, solid 
concrete piles having a design capacity of 225 
tons. The piles were driven into the underly-
ing gravel, and pile lengths varied from 108 to 
120 ft. Alternating piles along the rear cut-
off wall were designed for lateral loads only 
and were driven to tip elevations of -60 ft. 
The pile driving plant consisted of a large 
barge-mounted crane equipped with leads and a 
hydraulic spotter. Most of the piles were 
driven with a Delmag 046-32 diesel hammer 
delivering a maximum rated energy of l07, 000 
ft-lbs. In an attempt to increase production, 
several piles were driven with a Delmag 062-00. 
Prior to and during production driving, 10 in-
dicator test piles were driven along the wharf 
alignment to determine pile length requirements 
and identify potential problems in advance of 
the production driving. Most of the test piles 
were monitored during driving by the Pile 
Dynamic Analyzer (PDA) provided and operated by 
Goble-Rausche-Likens (GRL), of Boulder, 
Colorado. Information obtained from the 
program was used to develop terminal driving 
criteria and select appropriate pile lengths 
that would require minimum cutoff and 
preferably no splicing. In addition, the 
monitoring provided information regarding pile 
capacity, driving-induced stresses, and hammer 
and cushion performance. 
Production piles were installed over a 7-month 
period during l986, with relatively few prob-
lems. A localized occurrence of piles damaged 
during driving required special study and addi-
tional dynamic testing. The monitoring results 
indicated that the hammer had an increased 
efficiency which resulted in excessive tensile 
stresses during initial driving. Pile quality 
control problems were also considered to be a 
contributing factor to pile damage. Based on 
the monitoring and the results of wave equation 
analyses, the contractor increased the thick-
ness of the wooden pile cushion from 11.5 to 16 
in. Most of the piles were driven 5 to 10 ft 
into the underlying gravel stratum with a ter-
minal driving resistance of 50 to 65 blowsjft. 
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Some difficulty was encountered maintaining 
pile position and alignment during initial 
driving on the relatively steep slopes 
(1.75H:lV) and through the quarry rock. A sub-
stantial number of piles were out of position 
and alignment following completion of driving. 
Fortunately, the uniform thickness of the wharf 
deck allowed considerable flexibility using 
misaligned and out-of-position piles. 
CONCLUSIONS 
The Terminal 2 project was successfully con-
structed on schedule and within budget. Essen-
tially no conditions were encountered during 
construction that were not anticipated in the 
design and could not be accommodated or 
resolved by the original fill and construction 
plan. The project involved a knowledgeable 
client, a design team with extensive waterfront 
experience, a thorough geotechnical investiga-
tion, and a qualified contractor who understood 
and appreciated the technical considerations of 
the project. The primary factors contributing 
to the design and construction of the project 
included the following: 
1) Thick fill can be placed over soft, sub-
merged sediments, provided the fill is placed 
in a carefully controlled manner so that fill-
induced stresses are essentially uniform at all 
times. This requires placement of at least the 
initial thicknesses of the fill in uniform thin 
lifts. 
2) Relatively steep (2.25H:lV) underwater 
sand fill slopes were constructed using careful 
construction procedures. However, slopes must 
be constructed from the bottom to the top. 
3) Underwater sand fill was placed by hy-
draulic methods as steep as 2 • 5H: l V. The in-
clination of the underwater sand fill depends 
on the method of placement and the quality of 
the dredged sand. 
4) The relative density of the submerged 
sand fill was increased from less than 50% to 
more than 60% by densifying with vibratory 
pipe-pile probes. 
5) High-capacity, 24-in. octagonal concrete 
piles were successfully driven through the rel-
atively steep, rock-filled slope. However, it 
was difficult to control the final position of 
the pile top to small tolerances. These devia-
tions were anticipated and accommodated in the 
wharf design by the uniform thickness of the 
wharf deck. 
6) Actual settlement of the sand fill agreed 
well with the predicted settlements. However, 
the instrumentation used to monitor the rate 
and magnitude of the fill settlement suffered a 
high rate of failure. The ability of pneumatic 
sensors to withstand long tubing runs and large 
settlements is not well developed at this time. 
7) During pile driving, the pile dynamic 
analyzer (PDA) was a valuable tool for aiding 
the evaluation of pile hammer performance, 
driving-induced stresses, and estimated pile 
capacity. 
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